ϩ0.5 to -0.8 0.003 -Note: Fe isotope composition for riverine particulate flux is average of shales, modern marine sediments, suspended river sediments, and soil (57 samples). Fe isotope composition of atmospheric load is the average of aerosols and loess from this study (24 samples). The range for hydrothermal flux is based on seven analyses of midocean-ridge hydrothermal fluids from the Atlantic and Pacific Oceans. For data sets, see footnote 1 in text. Fe isotope composition of dissolved Fe fluxes has not been measured; values reported are estimates (see text for discussion). Fe isotope composition of extraterrestrial flux is based on variable Fe isotope compositions measured in chondritic meteorites (Zhu et al., 2001 ), but we note that ϳ4% of extraterrestrial flux (Taylor et al., 1998 ) is composed of iron spherules that have ␦ 56 Fe values ranging from ϩ10‰ to ϩ40‰ (Herzog et al., 1999) . Alternative contribution percent is based on assumption that riverine particulate load is stored on continental shelves and will not contribute significantly to Fe contents of seawater.
*Riverine flux rate from GESAMP (1987) . Ϯ 0.10‰), but layers that are younger than 1.7 Ma have increasing ␦ 56 Fe values with decreasing age, reaching a value of ϩ0.04‰ at 0.15 Ma (Zhu et al., 2000) . If there are no significant mineralogic differences through this crust profile, and diagenetic effects are minor, the Fe isotope composition of this Fe-Mn crust provides strong evidence for relative changes in the Fe isotope composition of ocean water with time. Noting a strong correlation between Pb and Fe isotope compositions in this Fe-Mn crust, Zhu et al. (2000) suggested that the secular variation in Fe isotope composition was caused by changes in the Fe isotope composition of terrigenous material that was delivered to the Atlantic Ocean over time. Five crusts scattered throughout the northern Atlantic Ocean display similar secular changes in Pb isotope compositions, suggesting that changes in isotopic composition are not a result of local phenomena, such as diagenesis (Reynolds et al., 1999) .
INTRODUCTION
The low Fe concentration in the world's oceans today produces a short residence time of Fe in seawater, 70-200 yr (Johnson et al., 1997). Because of the short residence time for Fe in oceans, the Fe isotope composition of seawater can be subject to rapid changes if the isotope composition of material that is delivered to the oceans changes, or through changes in relative fluxes of Fe that have distinct Fe isotope compositions. In order to determine which of these contrasting possibilities may be responsible for producing the observed secular changes in Fe isotope compositions inferred for the oceans (Zhu et al., 2000) , it is necessary to determine the Fe isotope composition of the major fluxes of Fe that are delivered to the world's oceans. Worldwide, Fe fluxes include a riverine load, an atmospheric load, Fe from hydrothermal fluids generated at the mid-ocean-ridge (MOR) spreading system, and a small flux from extraterrestrial sources (Table 1) .
RESULTS AND DISCUSSION
We have directly measured the Fe isotope composition of the particulate riverine and atmospheric loads, as well as the Fe isotope composition of fluids from high-temperature (Ͼ300 ЊC) MOR vents. Eighty-two clastic sedimentary rocks and atmospheric components have been analyzed for their Fe isotope compositions (Fig. 1 ) using a multicollector-inductively coupled plasma-mass spectrometer that produces an external precision of Ϯ0.05‰ for ␦ 56 Fe values (see Appendix 1 ). Aerosols, loess, modern marine sediments, the suspended load from rivers, and soil define a limited range in ␦ 56 Fe values (average ␦ 56 Fe ϭ ϩ0.02‰ Ϯ 0.07‰), which is nearly identical to the range of Fe isotope compositions measured for 46 terrestrial igneous rocks (average ␦ 56 Fe ϭ 0.00 Ϯ 0.05‰; Fig. 1 ). This suite of data constrains the particulate load of Fe that reaches the modern oceans.
Seven MOR hydrothermal fluids have been analyzed for their Fe isotope composition, including both vapor and liquid (brine) phases from the Atlantic and Pacific Oceans (Table DR7 [see footnote 1] ). These analyses are of high precision (Ϯ0.05‰) and include analyses of the dissolved phase and of the particles that precipitated within the water-sampling bottles, and therefore are total values for the Fe composition of the fluids as they exited the seafloor (Table DR8 [see footnote 1]). These analyses clearly document that hydrothermal fluids have an isotope composition significantly different from that of terrestrial igneous and clastic sedimentary rocks. A similar range of Fe isotope compositions for hydrothermal fluids and minerals from the Juan de Fuca Ridge was reported by Sharma et al. (2001) , but the precision of those analyses ranged from Ϯ0.04‰ to Ϯ0.68‰.
The Fe isotope analyses of clastic sedimentary rocks, aerosol particles, and MOR vent fluids directly determine the Fe isotope composition of the major Fe fluxes to the oceans. The isotopic composition of the dissolved Fe flux delivered by rivers and the atmosphere is unknown, but the relative contributions of the dissolved riverine and atmospheric fluxes are small (Ͻ3%), compared to the particulate and hydrothermal Fe fluxes (Table 1 ). If we assume that the particulate flux (␦ 56 Fe ϭ 0‰) and hydrothermal flux (␦ 56 Fe ϭ Ϫ0.2‰ to Ϫ0.5‰) contribute Fe in their modern relative proportions (Table 1) , then the ocean average is expected to have an Fe isotope composition of ␦ 56 Fe ϭ Ϫ0.01‰ to Ϫ0.03‰, a value weighted toward the high flux of particulate Fe delivered by rivers. However, it is likely that the riverine particulate flux is largely stored on continental shelves as sediments (e.g., Chester, 1990), and its influence in controlling the Fe isotope composition in the open oceans is probably smaller than that implied by the fluxes summarized in Table 1 . If we assume that the particulate riverine load is completely unreactive and is directly transported to an unreactive sedimentary reservoir, then the relative fluxes of Fe delivered to the world's oceans is essentially controlled by the atmospheric particulate flux and the MOR hydrothermal flux, which, on average, comprise 67% and 23%, respectively.
Because the atmospheric Fe flux to different ocean basins is controlled by the location of continental masses, the relative proportions of atmospheric fluxes are variable among ocean basins. For example, the atmospheric Fe flux is high to northern oceans and low to southern oceans (e.g., Duce and Tindale, 1991). Simple mixing calculations suggest that the northern oceans should have ␦ 56 Fe values close to zero because of the high atmospheric flux (Fig. 2) . In contrast, the southern oceans receive a minimal amount of Fe from atmospheric sources, and we would expect them to have relatively low ␦ 56 Fe values because of a greater proportion of hydrothermal input (Fig. 2) .
As The best analogue to precipitation and flocculation of ferric hydroxides in rivers is perhaps represented by experimental studies that measure the isotopic fraction during slow precipitation of hematite from an aqueous Fe(III) (Skulan et al., 2002) . Although the mineralogical differences between ferrihydrite and hematite introduce some uncertainties, it is the only published study of mineral-fluid fractionation that does not involve oxidation changes in Fe. During slow precipitation of hematite in aqueous Fe(III), there is no significant isotopic contrast between hematite and Fe(III) (Skulan et al., 2002 Fe value between ϩ1.4‰ to ϩ2.2‰, depending on the Fe(II) to total Fe ratio of the dissolved atmospheric Fe. Because the Fe(II) component is not immediately oxidized in the oceans, it may be an important source of Fe to the oceans that may be ultimately sequestered into Fe-Mn crusts, and it is possible that such Fe has a low ␦ 56 Fe value. The ferric component of atmospheric Fe is likely to be nonreactive and sequestered as particulate Fe that settles to the ocean depths.
Despite the uncertainties in the Fe isotope composition of the dissolved Fe fluxes for riverine and atmospheric Fe, the dissolved components should have ␦ 56 Fe values that are similar to or lower than the Fe isotope composition of the particulate flux. Overall, the relative importance of these dissolved components is minor because the dissolved Fe flux is small, relative to the particulate and hydrothermal Fe fluxes. For example, if the total atmospheric Fe flux is proportioned into 90% particulate flux (␦ 56 Fe value ϭ 0‰) and 10% dissolved Fe flux (␦ 56 Fe value ϭ Ϫ1.4‰), the predicted Fe isotope composition of the oceans must be decreased by 0.13‰ for the North Pacific Ocean, which has the relatively highest contribution of Fe delivered from atmospheric fluxes.
CONCLUSIONS
The sensitivity of the Fe isotope compositions of the modern (oxic) open oceans to the relative proportions of atmospheric and MOR Fe sources suggests that Fe isotope compositions will be dependent upon tectonic or climatic changes that may vary these contributions, including major glaciation events. Although Zhu et al. (2000) explained correlated Fe and Pb isotope compositions of individual layers in the Fe-Mn crust from the North Atlantic to reflect changes in the Fe and Pb isotope composition of lithologic material that reached the oceans, the homogeneous isotope composition of Fe that would be delivered to the oceans in the form of aerosol particles and the suspended load of rivers discussed here makes the proposal unlikely. We instead propose that initiation of Northern Hemisphere glaciation at 2.6 Ma could be a driving force by increasing detrital loads to the open oceans by ice rafting or by an increase in riverine and atmospheric fluxes due to increased mechanical weathering at the expense of chemical weathering. Increases in atmospheric Fe flux delivered to seawater from aerosol particles have been inferred to have occurred during the Last Glacial Maximum (e.g., Edwards et al., 1998), perhaps indicating that there is a link to glaciation and the content of Fe delivered to the open oceans (Martin, 1990 The most likely alternative to our model would call upon mixing of water masses, which has been invoked to explain Pb and Nd isotope variations measured in numerous Fe-Mn crusts (e.g., Abouchami et al., 1999), in light of the predicted isotope variability among modern (oxic) ocean basins (Fig. 2) . For example, an increase in the ventilation of Labrador Sea water to the North Atlantic would drive the ␦ 56 Fe value measured in this Fe-Mn crust toward zero, which would represent a lessening in the contribution of Fe from southern-component water that would have an Fe isotope composition that is dominated by MOR hydrothermal Fe. Onset of Labrador Sea water ventilation is estimated to have begun at 4-3 Ma (Abouchami et al., 1999), and therefore there may be a problem in timing, because the major shift in Pb and Fe isotope compositions measured in this North Atlantic Fe-Mn crust occurred at 1.8 Ma. However, if Fe isotope shifts are largely due to mixing of water masses, but such shifts occur rapidly (faster than platetectonic reorganizations of continental configurations), it seems most likely that such shifts are fundamentally related to major climate changes such as worldwide glaciations.
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We thank Louis Derry and Tom Bullen for helpful reviews. This work was supported by the National Aeronautics and Space Administration Astrobiology Institute. Don Canfield, Terry Plank, Sidney Hemming, Scott McLennan, and James Schauer generously donated samples. (Table DR1) clastic sedimentary rocks (Tables DR2-DR6) , and MOR hydrothermal solutions ( The hydrothermal fluids were collected following the methods of Von Damm et al. (1985) . Due to the high concentrations of metals in the hydrothermal solutions, precipitation often occurs within the titanium sampling bottles as they cool to the ambient (2 o C) temperature. The solutions were transferred shipboard to an acid cleaned HDPE bottle and acidified with distilled HCl. The Ti sampling bottles were then disassembled and any particles remaining in the bottles were transferred to a 30 ml acid cleaned HDPE bottle using 18.2 megohm water; this fraction is referred to as the "DREGS". In the shore based laboratory, the water samples were filtered in laminar flow benches through 0.4micron Nucleopore filters and collected in new acid cleaned HDPE bottles. This is the Beard et al. 3
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"dissolved" fraction. The filters with precipitate were then returned to the original HDPE bottles. This is referred to the "bottle and filter" (B/F) fraction. In the shore based laboratory, the DREGS fraction was evaporated to dryness in laminar flow benches.
Both the dregs and B/F fractions were subsequently digested with distilled HNO 3 using teflon Parr microwave digestion vessels. Once the digestions were complete, the B/F and DREGS fractions were each brought to ~10ml total volume with HNO 3 All ACE-ASIA aerosol samples were collected using a Hi-Vol sampler that has an inlet size cut with an aerodynamic diameter in the size range of 50-60 microns Analysis 1, 2, and 3 refer to different mass spectrometry runs of a sample conducted on different days; the errors are 2-SE from in-run statistics. Mass Spec Average is the average of up to 3 analyses, 1-SD is 1 standard deviation external; if there is only 1 mass spectrometry analysis, the error is 2-SE. Average of Replicate is the average of processing different aliquots of a sample throughout the entire analytical procedure; the best estimate of external reproducibility. Analysis 1, 2, and 3 refer to different mass spectrometry runs of a sample conducted on different days; the errors are 2-SE from in-run statistics. Mass Spec Average is the average of up to 3 analyses; 1-SD is 1 standard deviation external; if there is only one mass spectrometry analysis, the reported error is 2-SE. Analysis 1, and 2 refer to different mass spectrometry runs of a sample conducted on different days; the errors are 2-SE from in-run statistics. Mass Spec Average is the average of up to 2 analyses, 1-SD is 1 standard deviation external; if there is only 1 mass spectrometry analysis, the error is 2-SE. Average of Replicate is the average of processing different aliquots of a sample throughout the entire analytical procedure; the best estimate of external reproducibility. Table DR4 : Fe isotope composition of modern marine sediments 1: Sample description and major element data reported in Canfield (1997).
Analysis 1, 2, and 3 refer to different mass spectrometry runs of a sample conducted on different days; the errors are 2-SE from in-run statistics. Mass Spec Average is the average of up to 3 analyses, 1-SD is 1 standard deviation external; if there is only 1 mass spectrometry analysis, the error is 2-SE. Average of Replicate is the average of processing different aliquots of a sample throughout the entire analytical procedure; the best estimate of external reproducibility. Synthetic test solution with Cl, Si, Na, K, Ca, Fe, and Mg contents (850, 18, 700, 40, 45, 5, 5 mmol/kg, respectively) to match an average vent brine solution; the UW J-M Fe standard was used for Fe; 10: Synthetic test solution with Cl, Si, Na, K, Ca, Fe, and Mg contents (500, 18, 400, 20, 30, 5, 5 mmol/kg, respectively) to match an average vent solution; the UW J-M Fe standard was used for Fe; 11: Synthetic test solution with Cl, Si, Na, K, Ca, Fe, and Mg contents (500, 5, 500, 10, 10, 0.2, 50 mmol/kg, respectively) to match hydrothermal fluid modified seawater; the UW J-M Fe standard was used for Fe Analysis 1, 2, and 3 refer to different mass spectrometry runs of a sample conducted on different days; the errors are 2-SE from in-run statistics. Mass Spec Average is the average of up to 3 analyses, 1-SD is 1 standard deviation external; if there is only 1 mass spectrometry analysis, the error is 2-SE. Average of Replicate is the average of processing different aliquots of a sample throughout the entire analytical procedure; the best estimate of external reproducibility.
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